Vaccination with Mycobacterium bovis BCG (bacillus Calmette-Gúerin) has been used extensively to combat tuberculosis since its introduction in the early part of the 20th century. Many meta-analyses of clinical studies have since been conducted to estimate the efficacy of BCG vaccination for prevention of adult pulmonary disease, which varies between 0 and 80%, a statistic attributed to multiple factors (10) . One explanation includes waning immunity after childhood vaccination, resulting in renewed susceptibility to disease later in life (41) . Due to acceptable efficacy of BCG for the prevention of childhood complications of tuberculosis, BCG is still recommended for use as a neonatal vaccine in countries where tuberculosis is endemic (42) . There is now a robust effort to develop novel vaccines that will boost neonatal BCG vaccination (28) . However, this strategy requires a more thorough understanding of the immunological responses elicited by BCG and of how these immune responses correlate with the prevention or amelioration of pathologies, and most importantly, immunological functions have to be improved upon to create a more efficacious vaccination strategy against adult pulmonary tuberculosis.
In the current endeavors to develop a new antituberculosis vaccine, the guinea pig has been used extensively as a model for testing novel vaccine candidates prior to clinical trials (14) . M. tuberculosis infection in guinea pigs has been well characterized and is known to produce several disease characteristics that are similar to those seen in humans, namely, weight loss, intra-and extrapulmonary dissemination of the infectious organism, and subsequent death (32) . The pulmonary pathology resembles that seen in humans, with progressive lung involvement and the production of "primary" and "secondary" granulomas characterized on the basis of their size and extent of necrosis (6, 18, 35, 39) . Despite its usefulness for replicating certain tuberculosis pathologies for humans, the guinea pig was not tractable to detailed immune studies until recently. An important area of study using the guinea pig model is the correlation of disease pathology with immune responses and the comparison of these to what is known in humans to confirm which experimental observations and immunological endpoints in the guinea pig model have the greatest biological relevance for human disease. The expression of immune responses to M. tuberculosis in humans includes priming of macrophages and the activation of CD4 ϩ and CD8 ϩ T cells, with subsequent production of key cytokines, such as gamma interferon (IFN-␥) and tumor necrosis factor alpha (TNF-␣) (11, 12) . Thus, it is of great interest to know if these cytokines are produced in the guinea pig model of tuberculosis and if they play a role in the animal's immune response to infection.
Although the guinea pig has been instrumental in early estimation of the efficacy of vaccine candidates and has been used to select clinical candidates, very little is known about the immune response generated as a result of infection and after vaccination, and therefore, correlation of immune responses to pathologies and disease progression was not possible. As a result, studies of tuberculosis immunology are being performed in mice, while pathology studies are being done with guinea pigs, without a common denominator to track "efficacy" between different animal species and humans. Extensive studies by Smith and colleagues and, subsequently, by McMurray have helped to elucidate aspects of guinea pig immune responses to experimental tuberculosis, but these efforts have been hindered by a lack of key immune reagents for this animal (1, 4, 7, 16, 17, (21) (22) (23) 31) . More recently, numerous investigations of tuberculosis in the guinea pig have used more modern approaches to repeat histological studies of the pathology during the early phase of infection in nonvaccinated and vaccinated animals to confirm earlier findings (5, 18) . Immune studies have remained limited to the characterization of a small number of cell surface markers and T-cell phenotypes during infection in vaccinated and nonvaccinated guinea pigs (24, 25) . Thus, a more extensive study of the immune response in guinea pigs during infection and after vaccination is needed to provide a more integrated view of immunology and pathology in this model.
The current studies were performed to examine the clinical course of disease and the kinetics and magnitude of the immune responses generated by BCG vaccination before and after aerosol challenge with a low dose of virulent M. tuberculosis. Specifically, cellular recruitment and activation and cytokine and transcription factor expression profiles were assessed using guinea pig-specific or cross-reactive reagents, such as monoclonal antibodies (MAbs), to identify CD4 and CD8 T cells and a guinea pig-specific MAb against CD62L (L-selectin) to determine the activation state of T cells during infection (13, 36) . L-Selectin is an adhesion molecule used by naïve T cells to traffic into peripheral lymph nodes. Once the T cell encounters its cognate antigen on the dendritic cell, CD62L is shed as the T cell is activated. Activated cells then use other adhesion molecules to migrate into inflammatory foci in infected tissue (19, 38, 40) . In addition to characterizing T-cell phenotypes, we also delineated the kinetics of the immune response to vaccination and infection by measuring cytokine mRNA levels. Specifically, primers for guinea pig IFN-␥, TNF-␣, interleukin-1 (IL-1), IL-12, and IL-10 were used to determine cytokine expression profiles during the initial 120-day period of infection. We also chose to measure eomesodermin (EOMES), a member of the T-box family of transcription factors that has been shown to be involved in the differentiation of CD8 ϩ T cells into effector and memory cells (3, 26) . It has been hypothesized that if CD8 ϩ T cells are an essential component of the immune response during infection with M. tuberculosis, then upregulation of EOMES expression will be observed after vaccination or during infection.
MATERIALS AND METHODS

Animals.
Out-bred female Hartley guinea pigs weighing 450 to 500 grams were purchased from Charles River Laboratories (Wilmington, MA). Guinea pigs were maintained under animal biosafety level 3 barrier conditions in isolator cages (Thoren, Hazleton, PA) for the entire period of each experiment, had access to chow and water ad libitum, and received daily environmental enrichment. All experimental procedures were approved by the Colorado State University Institutional Animal Care and Use Committee.
Mycobacterium species.
Mycobacterium bovis BCG Pasteur (TMCC 1011) strain was grown in Proskaur and Beck (P&B) medium with 0.1% Tween 80 to mid-log phase. Aliquots were stored at Ϫ80°C and thawed before use. M. tuberculosis H37Rv (TMCC 102) was initially grown for three passages as a pellicle on P&B medium to produce seed stocks. Working stocks with a maximum of six passages were expanded from the seed stocks in P&B medium with 0.1% Tween 80. Working stocks were prepared at the mid-log phase, and aliquots were stored at Ϫ80°C.
Infection and survival studies. Guinea pigs were exposed via the respiratory route to 10 to 20 CFU of virulent M. tuberculosis H37Rv using a Madison aerosol chamber (Madison, WI). Working stocks of M. tuberculosis H37Rv were diluted to 10 6 CFU/ml in sterile distilled water and placed in the nebulizer jar, and animals were exposed to the aerosol for 5 min. The time course experiments were performed twice with 8 guinea pigs per group per time point, and animals were sacrificed at 15, 40, 60, and 120 days postinfection. The right cranial lobe of the lung and half of the spleen were sampled to assess CFU numbers. Bacterial load was determined by plating organ homogenates onto nutrient 7H11 agar supplemented with oleic acid-albumin-dextrose-catalase. Colonies were enumerated after 21 days of incubation at 37°C. For survival studies, guinea pigs were monitored daily and weighed once each week. Guinea pigs were euthanized when they reached set criteria established by the animal care and use committee, such as being moribund or exceeding acceptable weight loss and/or being affected in their respiratory rate (labored/heavy breathing). Time to euthanasia is used as time to death. Survival experiments were performed with between 8 and 10 guinea pigs per group. Body temperature was measured to track clinical progression of disease. For this, guinea pigs received a subcutaneous microchip implant (IPT-300 Bio Medic Data Systems [BMDS], Inc., Seaford, DE) that allowed measurement of temperature and also carried information about experiment number and animal number. The body temperatures of individual guinea pigs were assessed each day at approximately the same time in the afternoon using a DAS-6006/7 scanner transponder (BMDS). Previous studies had shown that the body temperature of guinea pigs did not vary significantly during the day and that deviations from normal temperature curves were indicative of disease progression. Temperature experiments have been performed with 10 to 15 guinea pigs per group.
Vaccination and immunogenicity studies of BCG-vaccinated guinea pigs. Guinea pigs were vaccinated with 10 3 CFU of BCG Pasteur via the intradermal route on the belly, using a tuberculin syringe attached to a 26-gauge, 1/2-in. needle. At 5 and 10 weeks postvaccination, animals were sacrificed and their spleens were aseptically removed. Spleen cells were isolated, and antigen-specific responses for IFN-␥ and TNF-␣ were measured indirectly through mRNA expression via real-time PCR. Briefly, spleens were excised, cut into small pieces, and then passed through a sterile cell strainer (BD Biosciences, Mountain View, CA) to obtain single-cell suspensions. The cells were washed with complete RPMI medium (c-RPMI medium; RPMI 1640 plus 10% heat-inactivated fetal bovine serum [Atlas Biologicals, Fort Collins, CO], and Gey's solution (0.15 M NH 4 Cl and 10 mM KHCO 3 ) was used to lyse red blood cells. The cells were washed twice with c-RPMI medium containing 200 mM L-glutamine, 100 g/ml streptomycin, and 100 U/ml penicillin [Sigma-Aldrich]), and viable cell numbers determined by counting using trypan blue exclusion in a Neubauer chamber (IMV International, Minneapolis, MN). The cell concentration for each PCR experiment was adjusted to 2 ϫ 10 6 cells/ml with c-RPMI medium, and cells were cultured in duplicate and stimulated with 1 g/ml of culture filtrate protein (obtained through the TB Vaccine Testing and Research Materials contract at CSU through NIH grant no. HHSN266200400091c) for 24 h at 37°C in 5% CO 2 . At the time of harvest, the cells and supernatants were removed by aspirating the well contents and transferring them to a microcentrifuge tube. The well was then checked using an inverted microscope to ensure that all the cells had been removed. The tubes were centrifuged at 135 ϫ g, and the supernatant removed. One milliliter of TRIZol (Invitrogen, Carlsbad, CA) was then added to each tube. RNA was extracted according to the manufacturer's protocol and stored at Ϫ80°C in sterile, nuclease-free water (Invitrogen). cDNA was transcribed from mRNA made using an iScript cDNA synthesis kit (Bio-Rad, Hercules, CA), and real-time PCR was performed using iQ Syber green Supermix (Bio-Rad). Primers for IFN-␥ and TNF-␣ were derived from previously published sequences (2) .
Cell preparation for flow cytometric analysis. Guinea pig accessory lung lobes were perfused with phosphate-buffered saline containing 50 U/ml of heparin (Sigma-Aldrich, St. Louis, MO) and placed into a small tissue culture dish containing incomplete RPMI 1640 medium (Invitrogen). Each lung lobe was cut into small pieces, using a sterile razor blade, and incubated in collagenase D (0.7 mg/ml; Roche, Nutley, NJ) and DNase (30 g/ml; Sigma-Aldrich) for 30 min at 37°C. Half of the spleen from each guinea pig was placed into a small tissue culture dish and cut into small pieces. Mediastinal lymph nodes were processed similarly. To obtain single-cell suspensions from all organs collected, the predigested lung pieces, the spleen pieces, and the mediastinal lymph node pieces were passed through cell strainers (BD Biosciences) and then rinsed with c-RPMI medium containing 5% heat-inactivated fetal bovine serum (Atlas Biologicals). After the cells were washed in c-RPMI Gey's solution was used to lyse red blood cells, and the cells were washed with c-RPMI medium. Finally the cells were resuspended in c-RPMI medium and counted in a Neubauer chamber (IMV International), using a 2% trypan blue solution.
Flow cytometric analysis of cell surface markers. Single-cell suspensions from organs prepared from each individual guinea pig were stained with fluorescencelabeled MAbs against CD4 (clone FITC CT7; Serotec, Inc., Raleigh, NC) (37), CD8 (clone FITC CT6; Serotec, Inc.) (37), pan-T cells (clone APC CT5; Serotec, Inc.) (37) , and CD62L (clone PE lam1-116; Santa Cruz Biotechnology, Santa Cruz, CA) (13) at 4°C for 30 min in the dark after the cells were washed with phosphate-buffered saline containing 0.1% sodium azide (Sigma-Aldrich). Antibodies were used at 0.2 g/10 6 cells. Cells were gated on lymphocytes by forward and side scatter according to their characteristic scatter profile and further gated based upon on pan-T-cell and CD4 or CD8 expression. All analyses were performed with an acquisition of at least 100,000 events on a Becton Dickinson FACSCalibur flow cytometer (BD Biosciences), and the data were analyzed using CellQuest software (BD Biosciences, San Jose, CA).
Analysis of mRNA by quantitative real-time PCR. At the designated time points, guinea pig left caudal lung lobes were placed directly into 4 ml of TRIzol (Invitrogen) and immediately homogenized, and RNA extracted according to the manufacturer's protocol. cDNA was produced by using an iScript cDNA synthesis kit (Bio-Rad), and quantitative real-time PCR was performed using iQ Syber green Supermix (Bio-Rad). Primers to amplify IFN-␥, TNF-␣, IL-12, IL-1␤, and ␤-actin for real-time PCR were obtained from previously published sequences (2, 7, 29, 43) . The primer sequences for IL-10 were forward, TTCTTCCAAACAC AGGATCAGC, and reverse, TCATTTCCGATAGGGCTTGG. The primer sequences for EOMES were forward, ATAAACGGACTCAATCCCACCGC CCA, and reverse, ATTATTGTCGGCTTTGCCGCAGGTCAC. The primer sequences for IL-10 and EOMES were derived from the guinea pig genome database available at www.sanger.ac.uk. All primers were validated prior to use in preliminary experiments by amplifying guinea pig cDNA and sequencing the amplicon. The extent of mRNA induction for each cytokine was calculated by initially determining its mRNA expression level in naïve guinea pigs (n ϭ 8) and then calculating the increases in mRNA induction postvaccination and postinfection with reference to the level of expression in naïve guinea pigs.
Histology. The right caudal lobe of the guinea pig lung was utilized to analyze pathological lesions. The excised lobe was inflated with formalin and placed in total into formalin. For processing, the lobe was embedded in paraffin and sections cut and stained with hematoxylin and eosin (H&E; IHC Tech, Aurora, CO). Photomicrographs were taken using an Olympus BX41 microscope attached to a Dell Precision computer with DP2-BSW software for image capture.
Statistical analyses. Guinea pig survival was plotted using the Kaplan-Meier method, and differences between curves were analyzed using the log-rank test. The Mann-Whitney test was used to characterize changes in cell surface markers and cytokine mRNA expression between groups of guinea pigs for each time point.
RESULTS
Survival. Guinea pigs were vaccinated via the intradermal route with 10 3 CFU BCG Pasteur or injected via the same route with sterile nonpyrogenic saline and rested for 10 weeks. All guinea pigs were infected with a low-dose aerosol of virulent M. tuberculosis H37Rv after week 10 and then monitored for weight loss, respiration rate, and failure to thrive and were euthanized as outlined in Materials and Methods. Figure 1 shows the Kaplan-Meier guinea pig survival plot for M. tuberculosis-infected animals that had received either BCG or saline placebo (nonvaccinated). Nonvaccinated guinea pigs succumbed to disease within 20 weeks, while vaccinated guinea pigs had a significantly prolonged survival time of up to 50 weeks (P Ͻ 0.001), suggesting that BCG induced an immune response that was sufficient to alter the course of disease. Interestingly, when the lungs and spleens from necropsied animals were plated for CFU counts, there was no indication of increased mycobacterial numbers in either group (data not shown).
Reduction of mycobacterial burden in BCG-vaccinated, M. tuberculosis-infected guinea pigs. Given the significantly prolonged survival of BCG-vaccinated guinea pigs, we next assessed whether survival is correlated with a reduction in mycobacterial burden in the lungs and spleens. Nonvaccinated and BCG-vaccinated guinea pigs were infected with a low-dose aerosol of virulent M. tuberculosis; animals sacrificed at days 15, 40, 60, and 120 postinfection; and the lung and spleen homogenates plated to enumerate M. tuberculosis organisms. Figure 2 shows that BCG-vaccinated guinea pigs had significantly lower numbers of M. tuberculosis organisms in their lungs at days 15 (P ϭ 0.002), 40 (P Ͻ 0.001), and 60 (P Ͻ 0.001) postinfection and significantly lower numbers in the spleens at day 60 (P ϭ 0.003) than nonvaccinated animals. Therefore, BCG vaccination provided guinea pigs with an increased capacity to reduce mycobacterial burden.
Induction of IFN-␥ and TNF-␣ in BCG-vaccinated guinea pigs. Since detailed immune studies of guinea pigs had not been feasible until now, we analyzed whether basic immune responses generated by BCG vaccination could be detected. Guinea pigs were vaccinated but not infected with M. tuberculosis, their spleen cells were stimulated, and resultant levels of IFN-␥ and TNF-␣ mRNA expression were examined at 5 and 10 weeks postvaccination. Spleen cells from vaccinated guinea pigs were stimulated ex vivo with culture filtrate protein for ϩ (CD4 ϩ CD62L low ) and CD8 ϩ (CD8 ϩ CD62L low ) T cells were examined at days 15, 40, 60, and 120 postinfection in the lungs, spleens, and mediastinal lymph nodes (Table 1) . In the lungs, a significantly greater number of total T cells were recruited at day 15 postinfection in BCG-vaccinated animals (P Ͻ 0.05). Beyond this time point, no difference was observed between groups in the total number of T cells recruited into the lungs. The kinetics of recruitment of activated CD4 ϩ T cells into the lungs was in general similar between vaccinated and nonvaccinated groups, although a significantly greater number of CD4 ϩ CD62L low T cells were recruited at day 15 of infection (P Ͻ 0.001) in BCG-vaccinated guinea pigs, while a small but not significant increase in the number of CD4 ϩ CD62L low T cells in the lungs of nonvaccinated guinea pigs occurred at day 40 postinfection (P ϭ 0.05). As infection progressed beyond day 15, there was a trend for pulmonary CD4 ϩ
CD62L
low T cells to increase in both groups, even though BCG-vaccinated animals had significantly fewer mycobacteria in their lungs (Fig. 2) . Recruitment of activated CD8 ϩ T cells into infected lungs was significantly increased in nonvaccinated animals at day 40 (P Ͻ 0.01) postinfection, beyond which increases were observed for both groups as infection persisted. In the spleen, there was no significant difference between groups in the total numbers of recruited cells at each of the time points. The numbers of CD4 ϩ CD62L low T cells in the spleen were similar in both groups at day 15 postinfection; however, it was significantly elevated at day 40 postinfection in the BCG-vaccinated group (P Ͻ 0.05). No significant difference in numbers of spleen CD8 ϩ CD62L low T cells was observed between groups at all time points examined. In the lymph nodes, the total numbers of cells were significantly increased at day 15 postexposure in the BCG-vaccinated animals (P Ͻ 0.05), although the numbers of CD4 ϩ CD62L low T cells were not significantly elevated in this group in the lymph nodes a Guinea pigs were vaccinated via the intradermal route with 10 3 CFU BCG Pasteur or saline 10 weeks prior to infection with a low-dose aerosol of M. tuberculosis H37Rv. Cells from the accessory lobe of the lung, half of the spleen, and all visible mediastinal lymph nodes were stained with monoclonal antibodies that recognize guinea pig pan-T-cell marker, CD4, CD8, and CD62L at the different time points postinfection. n ϭ 8 guinea pigs per group per time point; ‫,ء‬ P Ͻ 0.05; ‫,ءء‬ P Ͻ 0.01; ‫,ءءء‬ P Ͻ 0.001.
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until days 40, 60, and 120 postexposure (P Ͻ 0.05). However, despite an initial increase in CD8 ϩ CD62L low T cells at day 15, there was no difference in the numbers of these cells in the lymph nodes.
These data suggest that BCG vaccination provided guinea pigs with the capacity to recruit activated CD4 ϩ T cells into the lungs after pulmonary infection sooner than nonvaccinated animals and that BCG vaccination promotes seeding of peripheral lymphoid organs with activated T cells. In contrast, BCG vaccination had little effect on the CD8 ϩ T-cell response during infection, as this was no different and was at times lower than the CD8 ϩ T-cell response in nonvaccinated guinea pigs. Formation of early pulmonary granulomas. To correlate disease pathology with bacterial burden and fundamental immune responses, we followed granuloma formation during the early phase of infection in hematoxylin-and-eosin-stained sections of the right caudal lung lobe of guinea pigs. It was of particular interest to determine whether BCG-vaccinated guinea pigs were able to form granulomatous lesions at day 15 postinfection, since CFU determinations showed that at this time, animals had already begun to arrest the growth of M. tuberculosis. Based on previous data, we had anticipated that M. tuberculosis was multiplying specifically in the lungs and that there would be limited extrapulmonary dissemination (unpublished results). Furthermore, since bacteria can be recovered from the right caudal lobe, we expected that foci of growing mycobacteria would stimulate the formation of granulomatous lesions (data not shown). Nonvaccinated guinea pigs had discrete foci of cellular accumulations that were scattered throughout the lung, as well as defined lesions in perivascular regions (Fig. 4A) . These lesions had a poorly organized appearance and consisted predominantly of mononuclear cells (Fig. 4C) . Granulomatous lesions in BCG-vaccinated guinea pigs were also predominantly perivascular; there were more of them (Fig. 4B) ; and they had greater demarcation and were better organized, with areas of centralized macrophages surrounded by a ring of lymphocytes (Fig. 4D) .
Analysis of cytokine and EOMES mRNA after pulmonary infection. Lung and spleens from infected guinea pigs with and without BCG vaccination were taken at days 15, 40, 60, and 120 postinfection, and the relative expression levels of TNF-␣, IL-1, IL-12, IL-10, IFN-␥, and EOMES mRNA determined by real time PCR. The overall expression of each cytokine mRNA response to infection at certain time points seemed broader than at others and was usually due to one or two overresponding guinea pigs in each group. This observation may be attributed to Hartley guinea pigs being an out-bred strain of animals. Nevertheless, the pattern of expression for each cytokine mRNA was quite discernible over the time course of observation and between groups. At day 15 postinfection, there was no significant difference in the expression of cytokines and EOMES in the lungs of animals from the two groups (Fig. 5) . The immediate response to infection in both groups was manifested in elevated levels of IL-1 mRNA, which subsided by day 40, while the mRNA expression levels for TNF-␣, IL-12, and IL-10 had increased by day 40. Overall, there was a significantly greater increase in TNF-␣ mRNA expression in the nonvaccinated animals than in the vaccinated group (P ϭ 0.005), indicating a stronger inflammatory response. At day 60 postinfection, IL-1 mRNA expression had increased yet further, while TNF-␣, IL-12, and IL-10 mRNA levels had subsided in both groups. Then, similar to day 40 postinfection, at day 120, the levels of IL-1 mRNA decreased, while those of TNF-␣, IL-12, and IL-10 increased. Thus, immediately after infection, there was an initial burst of IL-1 mRNA expression in the lungs which then subsided and was replaced by increased TNF-␣, IL-12, and IL-10 mRNA levels, and this pattern was repeated at days 60 and 120, respectively. The repeat pattern suggests that macrophages continue to be recruited into sites of infectious foci although the overall growth of M. tuberculosis has reached a plateau, indicating that while the total number of mycobacterial cells that can be recovered from the lung at these time points remains stable, dynamic growth and continued spread of infection occurs (Fig. 2) . For IFN-␥ and EOMES, the levels of mRNA expression followed a different course than for IL-1, IL-12, and IL-10. BCG-vaccinated guinea pigs had recruited greater numbers of CD4 ϩ CD62L low T cells into their lungs at day 15 (Table 1 ) than nonvaccinated animals, but the expression levels of IFN-␥ mRNA did not differ between groups, despite the fact that there were fewer M. tuberculosis bacteria in the lungs of the vaccinated group. The pattern of expression for IFN-␥ mRNA differed between groups at days 40 and 120 postinfection. mRNA levels were significantly elevated in the BCG-vaccinated group at day 40 postinfection compared to the levels in nonvaccinated animals (P ϭ 0.022). IFN-␥ mRNA levels increased in the nonvaccinated group around day 60 and then declined by day 120, while levels in the BCG-vaccinated group remained significantly elevated (P ϭ 0.017) throughout this time period. This seems to indicate that although by day 120 postinfection, nonvaccinated guinea pigs had the capacity to produce proinflammatory cytokines and recruited T cells into the lungs, these cells were limited in their ability to respond to infection. BCG vaccination had provided an immunological advantage by stimulating T cells that could maintain their effector function. Finally, the mRNA for transcriptional regulator EOMES, used to assess the differentiation state of CD8 ϩ T cells, was elevated in the lungs of both groups at days 15 and 60 postinfection. EOMES mRNA expression followed a different pattern from that of IFN-␥ and may reflect the transient expression of this intracellular protein in that once the protein has been produced and used by the cell, it is immediately degraded.
In the spleens of infected guinea pigs, the expression of IFN-␥ mRNA in both groups followed a similar trend, and no significant differences were observed at any time point during the study (Fig. 6) . EOMES mRNA expression levels were similar between groups at each time point except at day 120, when the nonvaccinated animals showed higher expression levels (P ϭ 0.029). At day 15, two guinea pigs in the nonvaccinated group had relatively high levels of EOMES mRNA. These were the same animals that also showed elevated IL-1 mRNA at this time point. BCG vaccination did not seem to provide guinea pigs with an early immune advantage in the spleen, as was seen in the lung, as the levels of EOMES mRNA remained similar to those of nonvaccinated animals and the bacterial load in the spleen at day 15 was not decreased (Fig.  2) . Differences in TNF-␣ mRNA expression were observed at days 40 (P ϭ 0.021) and 120 (P ϭ 0.005) postinfection, with nonvaccinated guinea pigs producing significantly greater levels. This may be the result of reduced dissemination of M. tuberculosis to the spleens of BCG-vaccinated guinea pigs at the earlier time point. Similarly, IL-1 mRNA expression levels were significantly elevated at day 120 postinfection in the spleens of nonvaccinated guinea pigs (P Ͻ 0.001). IL-10 and IL-12 mRNA expression in the spleen followed trends similar to those seen in the lungs, but in the spleen there was significantly greater expression of IL-10 mRNA at day 60 in the BCG-vaccinated group (P ϭ 0.032) and significantly greater expression of IL-12 mRNA in the nonvaccinated group.
Taken together, these data suggest that day 40 may be a critical time point at which the progression of disease may be affected. It is suggested that increased expression of IFN-␥ relative to TNF-␣ mRNA prolongs the survival of guinea pigs, while the opposite will cause them to succumb at an earlier time point. Succumbing to infection early may also be due to the limited capacity of T cells from nonvaccinated infected guinea pigs to stimulate increases in IFN-␥ mRNA at day 120.
Time course of body temperature postinfection. Changes in body temperature have long been considered a reliable indicator of the course of progressive M. tuberculosis infection in humans. To assess whether changes in body temperature correlate with immune response, we examined the daily body temperature of guinea pigs throughout the study (Fig. 7) . At approximately days 25 to 35 after infection, only nonvaccinated guinea pigs exhibited elevation in body temperature, which mirrored the expression of the inflammatory cytokines IL-1 and TNF-␣ in the spleens and lungs.
DISCUSSION
The data presented here show that BCG-vaccinated guinea pigs infected by the pulmonary route with a low dose of M. tuberculosis displayed favorable immune responses within the first 40 days after infection that appeared to prolong survival. By day 15 postinfection, BCG had affected the growth of M. tuberculosis in the lungs by significantly reducing the numbers of recoverable bacterial colonies. By day 15, vaccinated animals were also able to recruit a larger number of activated CD4 ϩ CD62L low T cells. The elevated levels of IFN-␥ and decreased levels of TNF-␣ mRNA expression at day 40 in vaccinated animals may also indicate a key set point for determining whether infection can be controlled sufficiently to allow (30, 33, 34) . In our hands, histological analysis indicated that BCG-induced immunity was evidenced as early as 15 days postinfection by the appearance of the first stages of granulomas (areas of loose cell accumulations), as well as more defined and better organized granuloma-like structures in perivascular regions, while nonvaccinated animals had only loose aggregates of cells scattered throughout their lungs (Fig. 4) . In association with the organized granulomatous structures, we also observed greater numbers of CD4 ϩ CD62L low T cells in vaccinated animals, suggesting that adaptive immunity had been generated, which was correlated with a significant decrease in the mycobacterial burden. These data also suggest that vaccination against tuberculosis will result in lung granulomas and that in vaccinated humans, granulomas may need to be formed to limit infection. Thus, in clinical trials for new vaccines, it may be difficult to determine the efficacy of a vaccine based solely on the presence of a granulomatous lesion on a chest X ray.
Despite the early differences in the numbers of pulmonary CD4 ϩ T cells, we did not observe notable differences in the levels of IFN-␥ and TNF-␣ mRNA until day 40, a time at which the numbers of activated CD4 ϩ T cells continued to increase in vaccinated and nonvaccinated animals. Our data differ from those of previous studies by others (15) , in which cells from infected guinea pig lungs and spleens were stimulated ex vivo with purified protein derivative. In those studies, there were significant increases in IFN-␥ and TNF-␣ mRNA in nonvaccinated compared to BCG-vaccinated guinea pigs at day 35 postinfection. The difference may be due to the fact that we did not culture cells from infected animals. Conversely, activated CD8 ϩ T cells remained at stable levels only in the vaccinated group. In nonvaccinated guinea pigs, IFN-␥ mRNA expression increased up to day 60 and then declined to day 120 postinfection, while mRNA levels in the BCG-vaccinated group were maintained at an elevated level between day 60 and 120, suggesting that BCG vaccination led to the induction of T cells that could maintain effector function. In comparison, the mRNA levels for the predominantly macrophage-derived cytokines IL-1, IL-12, and IL-10 were increased by day 120 postinfection in both groups. These data suggest that guinea pig macrophages were capable of responding to the ongoing M. tuberculosis infection, but T cells were unable to respond efficiently. This suggests that, due to an apparent disconnect between two key cellular immune components thought to be important for productive immune responses to M. tuberculosis infection, nonvaccinated guinea pigs tend to succumb to infection earlier than vaccinated animals.
Studies by Ly et al. examining primary and secondary lung lesions in BCG-vaccinated and nonvaccinated guinea pigs demonstrated that mRNA for transforming growth factor-␤ and some IFN-␥ and IL-12p40 could be detected in primary tubercles from BCG-vaccinated guinea pigs only, while primary lesions from nonvaccinated animals contained predominantly TNF-␣ mRNA (20) . Although our studies were of a broader nature, examining immune responses in the whole lung and spleen, our data concur with those described by Ly et al. in that we documented that nonvaccinated guinea pigs tended to produce higher levels of proinflammatory cytokine mRNAs, while BCG vaccination resulted in increased levels of IFN-␥ mRNA during the early stage of infection. Our studies differ from those of Ly et al. in that we examined later time points postinfection and revealed that during the period in which infected guinea pigs tend to succumb to infection, despite the fact that macrophages are primed during this time, T cells seem to be unable to induce IFN-␥ mRNA, a key cytokine required for activation of macrophages and killing of M. tuberculosis (8, 11) . This reduced ability to induce IFN-␥ mRNA was not due to an inability to recruit T cells into the lung, as our data showed that total numbers of CD4 ϩ and CD8 ϩ T cells at day 120 were similar to those observed in BCG-vaccinated animals. To characterize activated CD4 ϩ and CD8 ϩ T-cell subpopulations in the lungs, spleens, and mediastinal lymph nodes, we employed a cross-reactive (human, mouse, and guinea pig) MAb recognizing CD62L (2, 13). CD62L is a key adhesion molecule for T-cell trafficking into lymph nodes. Once T cells encounter their cognate antigen on dendritic cells and become activated, they shed CD62L (19, 38, 40) . BCG vaccination resulted in significantly greater recruitment of pulmonary CD4 ϩ CD62L low T cells soon after infection, corresponding to previous reports showing recruitment of CD4 ϩ T cells expressing the CD45 molecule into infected lungs after vaccination (24) . In contrast, the levels of CD8 ϩ CD62L low T cells were not significantly elevated in vaccinated guinea pigs and may reflect the inability of BCG to induce large numbers of these cells. A similar finding was reported by Jeevan et al. (15) , who showed a lower percentage of CD8 T cells in BCGvaccinated guinea pigs at 5 weeks postinfection. Our observation contrasts with reports by others (24) , who showed increases in "activated" CD8 T cells using the CD45 (leukocyte common antigen) marker, and may reflect the relative times at which these two molecules are either upregulated (in the case of CD45) or shed (in the case of CD62L).
IL-1␤ and TNF-␣ are known to be pyrogenic cytokines that are produced in response to infection, injury, or immunologic challenge and, at low concentrations, cause fever and hypotension (9) . mRNA for these cytokines was detected early during the infection process, with peak IL-1␤ mRNA expression preceding that of TNF-␣ and occurring at the same time that we observed an increase in body temperature, between 25 and 35 days postinfection, in nonvaccinated animals. In other studies using the guinea pig as an animal model, others have demonstrated the dependence of the fever response on such cytokines such as IL-1␤, TNF-␣, and IL-6 (27) , and thus, it appears plausible that these cytokines mediate an increase in body temperature during infection with M. tuberculosis.
Taken together, our data provide evidence to suggest that in the guinea pig model, BCG vaccination provides a distinct immunological advantage for the response to M. tuberculosis infection by stimulating early recruitment of activated T cells that facilitate both early and also late-stage responses to infection, resulting in increased survival. Based on these data, to improve the protective immune response to M. tuberculosis infection and disease, novel vaccines would be expected to demonstrate a capacity for this stimulation that is similar to or better than that of BCG. Furthermore, our studies offer a set of immune responses that are easily measured and should be employed when assessing the effects of novel vaccines in the guinea pig model. We conclusively show that no one immune, histological, or microbiological marker is sufficient or universally correlated with survival and that the analysis of a composite of clinical, immunological, and histological data will provide opportunities for more in-depth comparisons of vaccine candidates.
